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INTRODUCTION

Sincethe return of the Long Duration Exposufacility (LDEF) in January, 1990nembers of the
Meteoroid andDebris Special InvestigatioGroup (M&D SIG) at theJohnson Space Center (JSC) in
Houston, Texakave been examining LDH#ardware in an effort to expand the knowledge base regarding
the low-Earth orbit (LEO) particulatenvironment. In addition tthe variousnvestigative activities, JSC
is also the location of thgeneraMeteoroid &Debris databaseThis publicly accessibldatabase contains
information obtained fronthe various M&D SIG investigations, as well as limitedata obtained by
individual LDEF Principal Investigators.

LDEF exposed ~130 #of surface area to the LEO particul@mvironment,~15.4 m of which was

occupied by structuradrame
reported here wagbtained

componentsi.€., longerons and intercostals) of the spacecraft. The data

as a result of detailed scafs

of LDEF intercostals, 68 o
which reside at JSC (Figurg
1). The limited amount of
data presently available or|
the A0178thermal control
blankets wageportedlast
year (ref. 1) and W not be
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Figure 1. Sketch illustrating the numberirsgheme €.g.,C03) utilized in the designation g{
experiment-tray locations arttie nominal leading and trailing edges of the spacecratft. ||All
intercostals, except thosem the end rings ofRows 6and 12, ardocated at JSC and arfg
being scanned for impafgatures down te-10 um. Solid dark areas indicate frame ardEF
thermal blanket surfaces that have been scanned; only intercostal data is included in thig|report.




now have detailed information on at le&s® intercostals from each of LDEF’'s ¥8ws. Inaddition, we
have scanned two more intercostals each from Rows 3 and 9 for a total of 28 intercostals.

RATIONALE FOR EXAMINING LDEF'S STRUCTURAL FRAME

The size of arater or penetratiohole depends othe physicalproperties of the targeind projectile
materials, and otthe projectile's mass and impact velocity. ODEF, agivenimpactor would generate
craters ofdifferent sizes depending dhe location orpointing direction ofthe targetbecause of the
differentencounter velocityassuming aonstant targematerial. The quantitative relationships for these
parameters are known for some LDHkaterials,but only over a restricted range arsgt of initial
conditions. Because of the M&D SIG’s desiredgtermine particle frequencies as a function of pointing
direction it was necessary to characterize impact featurédeaticaltargetmaterials so thathe physical
properties of the target r@m constant. Furthermore, because of kighly stochastic nature of the
collisional environment, it i®lso necessary to study materialsich exposedsufficient surfaceareas to
have accumulated a representative population of impact featlieslly, it was necessary to select
surfaces whictcould be madeavailable tothe M&D SIG for study. Fewsurfaces on LDEF met such
criteria. The A0178 Teflon thermal blanketere notpresent on Rows 3, 9 ari®, although they did
expose ~20 wof surface area to the LEO particulatevironmentpne third of each blanket @irated at
JSC. In addition, thenajority of impact features othese surfaces were penetrations aotl craters.
Lastly, the penetration and/or crateribghavior of this material 3ot presently wellunderstoodalthough
such studies are now underway (@f. Another set oandidate surfaces was the 25 Meteoroid & Space
Debris Impact Experiment trays (S0001; exposi@§.3 n? of aluminum) thatvere located omvery row
of LDEF (includingthe space and Earth ends) exceptRow 9. These various factors pointed tDEF's
structural frame as the best candidate

surfaces to fit all of these criteria.
A) INTERCOSTALS LONGERONS , .
( N LDEF's entire structuralframe was
[ ] N -
)" ~ fabricated from 6061-T6 aluminum, a
7 S _ commonly used spacecraft material whose
\/‘ response to hypervelocity impact Hasen
UNEXPOSED EXPOSED studied in greatletail €.g.,refs. 3, 4, and
5). The frame components formed an
(B) open-grid, 12-sided structure that produced
o individual instrument bays (Bays A-F;
15 . . .
0 Figure 1) and provided attachment points
LONGERON ——=]-"— 30 . o
INTERCOSTAL o for the experiment trays. Thngitudinal
frame memberé~4.6 m long) were termed
“longerons” (Figure 2a), while cross
Figure 2. Geometric relationship of DEF frame components. (A) membersbetween Iongerons werealled
Distribution of longerons and intercostals in a typitRow” of LDEF w " o[ ; . i
Bays and instrument locations. (B) A viewown the axis of the intercostals ( 1m Inlength’ Flgur_es 2a
spacecraft illustrating the angular relationship betwedongeron and|| and 3). Individual rows were assigned
adjacent intercostals (ref. 1.). sequential numberg§1-12), with Row 9

facing in the nominal velocity vector



(leading-edge direction) and Row 3 in the trailing-edge direction.
more detailed information regarding the numbering scheme utilizg
the M&D SIG interested readers are referredRefs. 1 and 6
Because of their size and mass, and because ofstheificance to
the overall structural integrity of the spacecratft, the longerons anf
components from the Earth- and space-facing ends ootldemade
availablefor detailed study in the laboratory. On thiberhand, the
smallsize and mass, agll asthe higher than average surface polig
madethe intercostalsvell suited forremoval and detailedcanning
within the Facility for the Optical Inspections of Large Surfacs
(FOILS) laboratory at JSC.

Length: 988 mm
Width: 113.5 mm
Weight: 4.31 kilos

Exposed:59,054 mnd
Unexposed53,084 mm
Total: 112,138 mn?
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Figure 3. Schematic illustration of 4
typical LDEFintercostals giving averag
dimensions and mass. The M&D Slb
detailed scans areonducted on the
exposed (light-colored) areas.

SURFACE AREAS AND PROCEDURES

Each intercostal exposed ~0.08 of surface area to the LEG
particulate environment (FiguB), while a @mpleterow of intercostalsnotincludingthe centering (i.e.,
the fourmid andtwo end-ring intercostals; see Figures 1 &)dtotaled ~0.32 A end-ring intercostals
exposednly ~0.04 "d each. Multiply by 12 and subtracting thevo Row 6andtwo Row 12intercostals
notincluded results in total exposedurface area for the 68 intercostals of ~3.88-+1.65 né of which
are included in this report.

As has beewour practice throughoubur LDEF inves-tigationsreported cratediameters refer tom-
crest-to-rim-crestdimensions
(Figure 4).  For adetailed Reported Diameter Measurements
discussion on the crater
morphology and associatgfl
measurement techniques ffjr
craters inaluminum, as well
as impacts into other
materials thatvere on LDEF,
interested readers should sg€
Refs. 6 and 7.

Table 1 liststhe number
of impact craters, sorted b
size, documented in oﬁﬂ
study, aswvell asthe exposed
surface areaswhich have
been examined on each rgyv
thus far. All scanning was
carriedout within the FOILS

laboratory at JSC; thg
intercostals were scanned atlafigure 4. (A) SEM photograph of an-45 pm diameter crateshowing where thg
g . . measurement of “D” would be made. (B & C) Schematic of a typical round qjater
40x magnification  which|| ilustrating location of diameter measurements.
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easily permits theidentification of all craters >30 pum in diameter on thaatively smooth intercostal
surfaces.Thus, for craters below ~40 pum in diameters the coverage is not complete

Table 1 Number of individual features documented in each lsiizdor the 12L DEF rows asdeterminedrom the detailed scans of the
intercostals, alonwith the associated exposed surface &eaach row. Sizéins are inclusive on the lower endezfch bin i(e., bin 10
contains all particleg10 um and <14 um in diameter.

LDEF Row LDEF Row Surface Area

Number <10 10 14 20 28 40 57 80 113 160 226 320 453 640 905 1Pl 256 362 512 TOTALS  Number (mz; exposed)
0O 0 0O 0 O

Row 1 3 6 16 15 14 7 6 3 1 71 Row1l 0.118650
Row 2 10 14 12 11 14 3 3 1 1 69 Row?2 0.117385
Row 3 2 6 6 15 13 6 7 4 3 1 1 73 Row3 0.232544
Row 4 1 1 6 8 7 4 4 1 1 1 1 35 Row4 0.120025
Row 5 1 5 34 16 12 8 6 6 4 1 1 1 1 96 Row5 0.118361
Row 6 1 2 17 28 42 11 10 9 10 5 1 3 140 Row 6 0.119976
Row 7 1 41 61 236 150 106 27 36 21 21 11 6 2 1 720 Row 7 0.117871
Row 8 10 45 83 46 46 33 20 16 16 2 2 1 320 Row38 0.117433
Row 9 12 15 98 114 195 117 108 73 57 34 15 12 5 1 1 857 Row?9 0.234776
Row 10 22 59 90 57 55 41 29 18 7 13 3 2 396 Row 10 0.118871
Row 11 1 1 8 67 70 106 46 50 25 24 9 7 3 1 1 1 420 Row 11 0.119729
Row 12 2 6 33 36 60 29 32 22 9 9 2 2 242 Row 12 0.119334

TOTALS 57 99 537 545 743 388 387 250 194 112 60 39 17 4 3 1 3439 TOTALS 1.654955

ANALYTICAL RESULTS

Impact Frequency

One of the goals of the M&BIG is todeterminghe impact frequency of natural meteoritic amen-
made particles on LDEF. Tdate, dimitation in resources has prevented extensive effort along these
lines at JSC; there areseveral reasons for this. Firghe actualsamplesare fartoo large to be
accommodated by a Scanniigectron Microscope (SEM) and/or Microprobe without putting forth a
considerable effort to sectiae intercostalssia an end-mill. Second, the composition of thiarget
material (.e., aluminum) makes identification of man-mad&iminum impactors virtually impossible;
aluminum isknown to constitute aignificantfraction of theman-made particle population. Lastbther
metallicsurfaces, such as the A0187-1 99.99% pure gold metedetedtors (ref. 8yevealed thahearly
half of all cratersanalyzed damot contain sufficient quantities of projectile residue to pexetiection and
classification of the impactor, whether meteoritic or man-made&SEM techniques. As a result, tfeeus
of this intercostal investigation has been to simply deterthimequency with which LDERvas impacted
by all particle types and how tHesquency varied frommow to row {.e., pointing direction), andhot to
determine the percentages of craters formed by either natural or man-made particles.

To gain anestimateof the original projectile diameter frorthe measuredraterdiameter inmetallic
surfaces, M&D investigators commonly assume that the resulting crater is@mlénef four tdfive times
larger than the diameter of the projectile. We couldthde also,but choose not to for thillowing
reasons. As mentioned earliéhhge size of acrater in agiven target material not only depends on the
physical properties of the target and projectile, but also oprthectile's velocity. On LDEMotonly did
the average encounter velocigry as a function of pointing direction, it also varied depending on whether



the projectile was man made or natural; in general, natural particles possess higher encounter velocities the
do man-made patrticles (refs. 3 & 4). Thus, with so many unknowns, any attempt to determine particle-type
frequency would result in flux curves with extremely large degrees of uncertainty.
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Figure 5. (A) Craterfrequency curves fahe 12LDEF rows {.e., 28 6061-T6 aluminum intercostals); tbeunts below-40 pm are
incomplete and isvhy the curves tend to flatten out belotlis diameter; see text. (Brequencydatafor the four primary LDEF
pointing directions fothe intercostals data and the SO0001 data. A{@yage frequency curves for balhta setsife., North - 11, 12
and 1; East - 8, 9 and 10; South - 5, 6 and 7, and West - 2, 3 aNoté) Datafrom Row 10 is nopresently availablér the S0001
data set.

Figure 5a displayshe craterfrequencies fothe 28 intercostalexamined todate. Ingeneral, the
additionaldata acquired over the pagtar havedonelittle to alter our interpretations and hasainly
served to improvéhe overall fidelity ofthe data. These data continue to bedgnodagreement with our
earlier results (refl), aswell as that obthers €.g.,ref. 9),with the highest crateringatesbeing observed
in the forward-facing directions.€¢., Rows 8, 9 andlO) and the lowesfrequencies being found in
association with the rearward-facing surfages,(Rows 2, 3 and 4).

Over the pasyear D. Humes (Langley Research Center [LaRC]) has forwarded copiesS6001
experimentata to theM&D SIG forinclusion inthe M&D Database. At least one SOGperiment tray
was present on each of LDEF’s fd@vs, except for Row 9; SO0Gso occupied at least obay on the



Earth- and space-ends of LDEF. BecausdroW 9's importance, Humes acquired sevesilminum
surfaces fronthe S0010Gexperiment (Bay B9) from W. Slemp(LaRC). These data asso included in
the M&D database.

Comparison of the M&DSIG intercostabind theHumesS0001 data setsan be seen in Figure 5b,
whereonly the fourmajor pointing directionare plotted for the sake ofarity. For mostsurfaces, Humes
did not attempt tadocument craterselow ~80 pm in diametéHumes; personal communicationafjich
accounts for thdlattening of his fluxcurves below this diametef-or the intercostal data, welieve the
data to be conlpte down to ~40 um diameter crateshich iswhere the intercostdlux curvesbegin to
flatten out. In addition, Humes includdata forall craterssizes, includinghose that wergreviously
documented at th&ennedySpace Center by the M&ISIG A-Teams (ref.6). On averageHumes’
diameter measurements fibre samecraters tend to be on the order of 8% to la%ger than the KSC
reporteddiameter. Thismay account for theminor differences seen betweé#re crateringfrequencies
plotted inFigure 5b,which are ingenerallygood agreement fordentical pointing direction. As can be
seen, the S0001 data tendsxbibit slightly highercratering frequency (aboves cutoff diameter of ~100
pm) for all directions except Row 3, the trailing-edge direction.

Like Figure5b, Figure 5again compares thes&o extensivedata sets. Iithis figure, however, the
frequency curvesepresent averagese(, East represents the averdiyx for Rows 8, 9 and 10; S0001
Row 10 data nancluded at this timefor the fourcardinal pointing directionse(g.,North [Row 12], East
[Row 9], etc.) of LDEF. Wien this averaging idone to both data sets, tHe#ferences betweethe two
become negligible, particularfpr the Eastand West-facing directions; fdhe West-facing direction the
two curves lie right on top of each other between 100 to 1000 um diameter craters (Figure 5c).

Leading-Edge To Trailing-Edge Ratios

In general, the slopes for the varidlux curves in Figures 5a - 5c¢ arery similar, sugesting that the
overallratios of large tesmall particles remains relativelyonstant, regardless of LDEfeinting direction.
Of greater interest are the relative production rates betwedeattiag- and trailing-edges DEF. Prior
to LDEF’s recovery, it wabelieved thathe leading-edge surfaces would recei20 times morampacts
per unit surface area than thailing-edge surfaces (ret). However, both thmtercostal datand that of
the S0001 experiment seem to indicate that the pre-LDEF estimates of these ratios where too high.

In Figure6a, the intercostal dafaolid bars)exhibitsthe maximumleading-edge to trailing-edge ratio
of ~10:1 for crater&40 pum in diameter. What is also noticeable is thatrtiie appears to decrease as
cratersize increases, reachingranimum of~7:1 for crate=640 um in diameter. The S0001 data (open
bars), although possessihggher absolute leading-edge to trailing-edgéos, exhibits a similartrend
ranging from amaximum of~15:1, for craters113 pm in diameter, to ~10:1 for crate805 pm in
diameter. (Recall thahe SO001 data ianly 100% complete for craters above 100 pm in diametate w
the intercostal data is believed to be 10@etusivefor craters down to ~40 um in diameter). The average
leading-edge to trailing-edgatio for thetwo data sets are ~9:1 for the intercostatgl ~12:1 for the
S0001 surfaces.

Figure 6b represents the ratios of the forward-facing surfaeesRows 8, 9 and.0) to those of the
rearward-facing directioni.é., Rows 2, 3 andl). Aswas the case for thigequencydata depicted in
Figure 5, thedifferences betweethe two data setsall but disappeawhenthe data are averagedtims
fashion, both setyielding an average forward-facing to rearward-facing ratio of ~8:1. In addition,
although it isnot nearly aspronounced as in the Row 9 to Row 3 datdiglure 6a, the decrease in the



forward-facing to rearward-facing ratio for the—
larger sizecraters isstill apparentreaching a
minimum of ~5:1 for craters=905 in diameter
for both sets of data.

Last yearwhen we firstnotedthis trend we
pointedout thatthe number ofcraters=500 pm
in diameter was extremelymall (~2%), when
compared to thexl0 pm in diametercrater
populations for intercostals on Rows 3 and
However, since that time we have tripled th
scanned surface area fRow 3, and doubled 0
the scanned surface areaRow 9. With these
greatly improved counting statistics wiend
little change inthe percentagei.€., ~3%) of
craters=500 pum in diameter for Rows 3 and [9;
as for the overall LDEF intercostalcrater
population=10 pm in diameter, the percentag
of craters=500 um in diameter 811.1%. For
the SO0001 datdhis percentage i56.5% for
Rows 3 and 9, and ~11.3% fall S0001
surfaces examined tdate. Nevertheless, this
change in leading-edge to trailing-edggio as
a function of crater size appears to be reg|.
Additional evidencefor such a change can ke 4 57 80 Crléfer é?gméigr (aﬁ)‘) 453 640 903
found in thethermal-blanket and MAP (ref. 10 Figure 6. (A) Leading-edge to trailing-edged., Row 9:3)ratios for

experimentdataillustrated in Figure 5c of Refl the intercostal and S0001 data sets. (B) Similar rébiothe two
data sets except that tHerward-facing directionrepresents thg

1. For the larger penetration features (~500 |jiBerage for Rows 8, @nd 10, while therearward-facing directiof
in diameter) thdeading- to trailing-edgeatio is || represents the average for Rows 2, 3 and 4.
~10:1,while for the snallestfeatures fowhich
data isavailable onboth Rows 3 and 9.€., ~5 pm in diameter) thkeading-edge to trailing-edge ratio
climbed to~50:1. Although some of thes#fectsmay berelated to the projectile sources, drehce the
associated velocities tfie different particle-population sizes,dbes appear as though the larparticle
population may be slightly more isotropically distributed.

The measured ratios, Row 9 to Row 3, of the spatial density of impact craters do not agree with current
theoretically predicted ratios for either meteoroids (t&}).or for Earth-orbitatlebris (ref.12). Itfollows
that the present theoreticabdelsare inadequate texplainthe data (ref. 13). For meteoroids to produce
a front-to-back ratio as low as 7:1,nauch larger fraction of high-velocityneteoroids tharpreviously
modeled seems to be required. If orbital debriheéprimary source for the observemhpactcraters, the
data suggest that therenmichmore debris in geosynchronous transfer orbits than is curienthded in
models -- especiallfhosewith orbital inclinationsnear 28.5 (ref. 12). It appears as thoughcareful
reexamination of such models (for incorrect assumptions) is in order.
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Intercostal FO7F02

High-magnification optical examination of intercostal FO7F02 has revealed an anomalous number of
craters orthis intercostalthe majority of whichare<40 pm in diameter. In an effort to understanig
phenomena and to identify the source of these features, the M&D SIG has anadyzeéckhfining Electron
Microscopy / Energy

Dispersive X-ray Analysis o

SEM-EDX]) 251 of the 540f 7} - - - -~ -~~~ -~~~ -~ s .
E~46%) ])impacts on = N Classification
intercostal  FO7F02.  Thy 200} | || (64) - Unknown; 26%
objective of theseexamina- F- - S0 @3) L contamination; 5%
fions were to evaluate g Z80 - -] (8) | Electrical; 3%
cherr_ncal varl_ablllty andl o | aog) B Paint: 43%
possible clustering of discrete S60[| - - - - - - -

particle types andnopefully, || § |f -~ - ~—7]----|_(58) M Meteoritic; 23%
determine their source(s).|| €

Craterscontaining detectablg

projectile  residues  wer§

classified as eithef

micrometeoritic or asman- 0

made debriswhile sources of 10 14 20 28 40 57 80 113 160 226 320 453 64(
surface contamination werg Crater Diameter (um)

identified when ever possible Figure 7. Relative occurrence of the various particle residues on intercostal FO7F02.

The occurrence of the
various projectile types has been tabulated in histogram formarantlustrated in Figure %yhich displays
the relative frequencies of micrometeoritic, man-made debris partidles, paint and electrical
components), indeterminate, and contamination samples for the smaller size binds. Examination of Figure
illustrates the trentbward ahigh occurrence oéll particles types in the 14 to 40 |Bizerange,especially
in the 220 pum to <28 pnsize bin which contains ~63% of thanalyzedcraters. There is a particular
increase irthe relative amount of paint-type residues as compared to residues fouhd galdsurfaces
from experiment A0187-1 andhe experiment trayclamps (refs. 8 & 14, regectively). SEM
characterization of the cratenorphologies shows that the depth to diameter ratios,ctager rim
characteristics, and the residuemnants
are similar within this suite of impact
features as those foumndthin these other
studies. The SEM-EDX spectra of tm:
chemical residues associated with t
majority of the impacts formed by paint}
flake particles indicate thahe paint was §
Si, Cl, Ti-rich paint low in Zn (see Figur
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8). Such data suggest that thaint type 0
may have been Chemglaza-276, or a 0 Koy
paint of similar Composition_ Figure 8. Example SEM-EDX spectra dfie residues associated with|p

STS-41C, the LDEF deployment|| YPie@ FO7FO2 paintimpact
mission in 1984, was also the Solar




Maximum Satellite repair missionAnalysis ofreturned Solar Max hardware revealed tGhemglaze A-
276, andsimilar paints whiclpossessed organic binders, dut hold upwell under long exposures in LEO
(ref. 15). In short, th@rganic binders in these types of paivdre readily broken down or eroded by
atomic oxygen. As a result, spacecraft manufacturers tatge paints with non-organic binders
whenever possible.

Returning to intercostal FO7F02, the anomaliogsease ircratershas not, todate,been documented
on anyother LDEF hardwarewith the exception of the SO001 experiment-tipg whichwhere in direct
contactwith intercostals FO7F02 (Humes, personal communications). Intercostal CO7FO2hdromher
end of Row 7, doesot exhibit this phenomenonpor do intercostals in threamearea of LDEF on adjacent
rows on either side dRow 7. Thesimilar chemicalcomposition indicates thahe projectiles originated
from a commorsource. Photographs of LDHfave been examined in affort to locate an objeathich
could have served as a location for a primary impact that could have generated a large number of seconda
craters on this intercostals. No such source is evident. Secondly, the particles may have been traveling as
dense cloud ogroup oforbital debris, yet thisoo seems unlikelyconsideringthe tightly packed or dense
nature of the apparemwtebris swarm. Since neither thfe previous sourceseems likely, itappears as
though these particlesay have been Shuttle derived, originating duringpramary impactinto some
Shuttle hardwaree(g.,Remote Manipulator SystefRMS], within the cargday, etc), eitherdeployment
or retrieval of LDEF.

Future Scanning Efforts

Members ofthe M&D SIG at JSC vll continue to gather data from tketailed scans of the LDEF
intercostals as long as funding permits. réfated matters, the pagtar sawthe return of the EURECA
spacecraft, asvell asthe Hubble Space Telescope (HSTgpair mission. The M&D SIG has already
acquired sections of EURECA’s thermal insulation matevidlieh is presently being scanned at LaRC by
D. Humes. Prior to theIST repairmissionthe M&D SIG had requested pieces thie return solapanels
for examination. However, during the repaactivitiesone of thetwo solar panels woultiot completely
fold to a configuration permitting it'geturn to Earthand thus, was jettisoned over #ide ofthe Shuttle.
Whether ornot the M&D SIG will still acquire any of this materiafor examination has yet to be
determined. Nevertheless, LDEFillwserve as thebaseline or snapshot of the LEO particulate
environmenfor thetime period ofApril, 1984 to January, 1990. Fututeta wll be compared to the data
acquired from LDEF to evaluate how the LEO particulate environment is evolving with time.

3-DIMENSIONAL IMAGE ANALYSIS

Image Collection

During the three-month deintegration of LDEF, the M&DG generated ~4,500 digital, color stereo-
image pairs of impactelated features fromll space-exposed surfaces, tdea being toreduce these
images to yieldmore accurate featunaformation €.g., crater depthand diameter with respect to the
original targetsurface). In an earligraper (ref. 16) welescribed the theory and practicedetermining



this 3-dimensionafeature information fronstereoimagery, while asecond paper (ref. 1élescribed some
of the problems and solutions encountered during developmetiteadlgorithm that would be used to
garner such information.

Initial Analysis Plan

Initial economic and portabilitgonstraints were the am factorsinvolved in the decision to utilize
stereoimagery as a meatier extracting 3-Dinformation from LDEF impactraters. Thenitial analysis
plan was to perform automatedjll-image windowed cross-correlation to determinehigh resolution
surface morphology of theraterimages. Several problems.§.,specular reflectivityencountered during
the initial phases of the analysis demonstrated the impracticality of such an approach (ref. 17).

Our next approach was to use a paramegimition of the crater geometriassing manally selected
tie-points. A tie-point is a pair of points, ofiem each othetwo images, whichrepresent theame point
on a surfaceif., a tie-point “ties”two imagestogether at a single point)This approach made the
assumption thatrater geometries could ba&ccurately defined by a paraboloid. vas eventually
determined via a series tésts performed on a set of cross-sectioned craters (ref. 17) tRétoad2r
(paraboloid) 3-D curve wasot accurately describinthe crater geometriesdequately. Furtheanalysis
revealed that a6 order curve resulted infairly accurate representation for the cross-sectiqgmefile of
typical, experimentally derived impact craters.

6th Order Fit Decision

In order toperform a least-squares, 3-B" ®@rder curvdit on the stereamages, a much largeet of
data points was required than for tH¥! Brder curvdits. This was asignificant problenbecause of the
man-hour intensivéie-point collection process, and becauséregquently --the operatomas unable to
locate sufficient tie-points to perform thealysis. A technigueras developedvhich utilizedthe initial tie-
points (which had previously been collectied the paraboloid estimation) as “seeds” foftoaal area
modified cross-correlation. These seed tie-points were used to center small search regions \witagethe
overwhich to perform amodified cross-correlation search for more tie-points to be used as inputs to the
6th order curve fit.

AVODE Filter

The majority oftheimpactcraters we weraetilizing involved materials with a higlegree of specular
reflectivity (i.e., aluminum). The affect of thigeflectivity is tocause large differences tihe photometric
intensity ofareas on the surfaces as obsefvah each camerdue to the change inewing angles with a
stereo microscopeThis meant that it wasot feasible tgperform traditional correlation techniquesich
assume that equivalent areadl \@ppearequivalent onboth images. Inorder to compensate fothis
problem the images were pre-filteresing an AVODE (Absolute Value Omni-Directiortadige)algorithm
which was developedpecificallyfor this purpose. Theutputfrom this filter is an image in which each
pixel hasencodedwithin it eight, 1-bitflags which indicatevhether an edge exists in eachtlod primary
eight directions. Mte thattheseflags donot indicate thesign of the edge (bright to dark or dark to
bright), nor dothey indicatethe magnitude ofthe edge. Neither of those traits gaaticularly relevant
when dealing with specularly reflective materialsThe advantages of this filteare that itleaves out
irrelevant information and permits cross-correlatiothef resultanimages using a logic¥NOR, which is
fairly CPUinexpensive. ArKNOR is a bitwiseoperationwhich returns a 1 if théwo inputs are thesame



and a O if theyaredifferent. The measure of agreement in a correlation is thethpistim ofthe bits in
the output from the XNOR operation.

Tterative Photometric Calibration

One of theproblems (and a lesson learned) wvitik original datacollection was that the video-camera
pairs,which were assigned to individuadtereo-microscopsystemgsee ref. 6), weraot photometrically
calibrated prior todata acquisition. Unfortunately, this resulted in significant difference in the
photometric responses of thedividual caneras, and forced us to perform an iteratilagalized
photometric calibrationyhichwas incorporated into the AVODif#tering. It wasnot possible to perform
a straightforward gain correction because of the reflectivity of the material.

Bi-directional Logical XNOR Correlation

After the input regions were processed through the AVQild#t, a windowed logical XNOR cross-
correlation was performed. Thisvolves selecting amallreference area in onmage and measuring its
correlation with each possible location tine region of interest on thether image. Themaximum
correlation is thergiven a confidence value based the sum of the bits in the XNOR output, the
likelihood ofthe stepsize as compared wthersurrounding tie-points, and thetal number of bitgurned
on in the input regions.This last check is necessary goard against areas with no edges correlating
exactly.

After some experimentation it was determined that a bi-directional correlation drasichddlgl to the
trustworthiness of the resultsThis step consisted ofwappingthe reference and searghages, and
repeating the entire correlation process. Agreements betwedwdheorrelation passegive a much
higher confidence téhe resultant tie-pointd.¢€., if A points to B and B points to A then it's much more
likely that A & B form a valid tie-point than if A points to B, and B points to C).

Tie-Point Selection

The output of thebi-directional cross-correlation is an array of “best guess” tie-points with their
corresponding confidence values. From this array is selected a subset of tiempaihtpass a set of
acceptance criteria. These new tie-points are then used as inputsttodtiteGurface solver. bte that
the entire correlation process is performed separately fontial cratersurface and for thambient
plane.

Simplex Solution Of Crater Geometry

After several approaches were attemptedfitiadmethod used isolvingfor the coefficients otthe h
order curve was downhill simplexalgorithm (ref.18). Thebenefits of thisapproach are that it fairly
simple to implemenand modify, it requiresonly function evaluationgnot derivatives), and it permits the
addition of solution constraints@., ensuring thathe center of the crater is the lowest poinfhis
technique was also adapted to solve for the equation of the ambient plane.



Depth And Diameter Determination

Once thecoefficientsfor the 8" order curveand ambient plane equations have been determined, the
crater deptrand diameter are calculated. Tdrater depth islefined aghe distance between thenbient
plane andhe centeri(e., bottom) of the & order curve. The crateiameter is defined abe diameter of
the circle formed by the intersection of the ambient plane andftioed®r curve.

Error Estimation

In order toestimate the accuracy of tfieal results a Monte Carlanalysiswas performed. This
analysisconsists of repeatedly adding randemors to thenitial inputs and processing the results through
the same algorithm athe original data. Theandomerror isnormally distributed aboutzero with the
standard deviation based dme residuals ofthe initial curve fit. A large number of pass#soughthis
process were performed and a statisécellysis othe resultanbutputswas used to estimate thecuracy
of the initial fit.

Description Of Test Craters And Manual Measurements

To determinghe overall accuracy antkliability of the analysis systerdescribed above, set ofeight
test craters werearefully measured. For this purpose, eight >300 um in diameter craters vol@sen
from variousaluminum LDEFtray clamps. Binoculamages ofthese craters were then collected in the
FOILS Laboratory at JSQitilizing the same type system and parameters Weae employed in gathering
the stereo-image pairs during LDEF deintegration. Seed tiepoints were collected fomtgsgairs in
preparation for processing.

Tuneable Parameters

A total of 37different parametersiithin the various data-reduction routines were determined to be
“tuneable” {.e., parameters whose settings could aftbetoverall accuracy anckliability of the analysis
algorithm). An example of a tuneable parameter is the size of the reference area to 14l ypsedmeters
wereinitially set at what watelt to be reasonable values aaldeighttest craters processettleally, a 37-
dimensionahrray of results would have beganerated, and the best settingsdibparameters would be
defined aghe point in that arrawhich gavethe most accurate results. Duditoe, intelligence, and CPU
limitations, however, it was decided to makike assumption that thaffects of each othe tuneable
parameters were independé€at least to firstorder) and each parameter waslividually adjusted while
leaving allother parameters atfixed value. Multiplepasses of thiprocessventuallyresulted in a set of
valuesfor the tuneable parametexhich gavethe most accurate results. Each run ofahaysissoftware
not only outputs anestimate of thecrater depthand diameter, but an estimate of the poterdiabr
associated withthose results. Asignificant portion of the parametetuning involved attempting to
minimizethese errorsvhile maximizingthe trustworthiness of the erranalysis .e., ensuring thathe true
answer lay between the error bars).

Whenthe tuning hadoeencompleted, a 90% trustworthiness was ackdewith semi-acceptablerror
bars. Unfortunately, whette overall analysisoutine wasapplied to a subset ¢fie unknowrnmages, the
error estimates werainacceptably large (less th&% of theunknown craters that were processed
possessed error-bar ranges of less than 10%) mske anystudies based on the resdliile. After an
extensive effort it was decided &bortanyfurther attempts tanprovethe analysisresults of these stereo-



image pairs, mainly because of theoor initial image quality €.g., lack of photometric calibration,
extremely narrow depth of field, synchronization problems during digitization, etc.).

3-Dimensional Image Acquisition; Lessoned Learned

As a result of the effortsiade in attempting to redutiee stereo-image pairs acquired at KSC by the
M&D SIG, there arseveral key parameters and/or conditiaséch should bexddressed beforny such
future efforts are undertaken. By addressing tiesses ugront, much ofthe workneeded to reduce the
data could be eliminated. These issuses are:

1) A photometric calibration should be performedtbe entireimage acquisiton systeprior to
data collection to ensure similar photometric response between the two images.

2) A method for increasing the depth-of-field of the optical system needs to devised.

3) The orientation and type b@hting utilized at image acquisition needs to be investigaay @
360 ring lighting may give better results than spot lighting).

4) The intensity of the light source should be increased over whattivasd bythe M&D SIG, or
use moresensitive video cameras, both. This may also enabldghe aperture to belosed
down, and aid with the depth-of-field problems.

5) Image “noise” must be minimized. This can be accomplished by averaging a sequence of images,
or by increasing the light and turning down the camera gain.

MISCELLANEOUS M&D SIG ACTIVITIES AT JSC

With FY 94 bringing to a closthe initial investigativephases of LDEF, the M&LBIG is active on
several fronts in consolidating information and attempting to makeaitablefor future use by M&D
workers and spacecraft engineers.

M&D Database

In a continuing effort to makall M&D dataavailable tothe general usecommunity,the M&D SIG at
JSC is constantly updating the M&D Database with data from all possible sonchetingdata generated
at JSC, asvell asdata provided byarious LDEF investigators. At thteme of this writingthe database
contained detailed information on more tH#£)000individual impactfeatures that have been documented
on LDEF. Alittle more thanhalf of this datahas been generated by direct M&RIG activities and
investigations, whileheremainder has been provided by various LDEF investigatdosvever, the M&D
SIG would like toreceive moredatafrom anyand all potential sources and are requesting drgtone



having suchdataplease forward it ta.H. See or M.EZolensky. Details regardintpe format ofsuch
information should be discussed with either T.H. See and/or C.B. Dardano.

Accessto, and use of thedata containedvithin the M&D Database is encouraged. In addition,
although FY 1994 W bring to a closeheinitial and intensive LDEF investigatiothe M&D Database at
JSC wil continue to serve as a repository for M&D tydata. ThereforeM&D investigators are
encouraged to continue to send sdela forinclusion with this extensive M&Matabase. The M&D
Database is accessible via any of the following techniques.

A) DECNET: 1) Log onto host computer.
2) Type SET HOST 9300.
3) Type PMPUBLIC atJsernameprompt.

INTERNET: 1) Type TELNET 146.154.11.35
or
TELNET CURATE.JSC.NASA.GOV
2) Type PMPUBLIC atJsernameprompt.

MODEM: The modem may be 300, 1200, or 2400 baud; no parity; 8 data bits; 1 stop bit. The area code is
713 for long distance calls.

1) Dial 483-2500.

2) Type SN_VAX in response to titer Number: prompt.

3) Hit <CR> 2 or 3 times after tt@ALL COMPLETEmessage.

4) Type J31X in response to the # prompt.

5) Type C CURATE in response to tKgplex>prompt.

6) Type PMPUBLIC at th&Jsernameprompt.

Periodic updates on thstate of the JSQoldings of LDEF, aswell as other meteoroid-related
activities, are issued by tl@ffice of the Curator at JSC in tHerm of the Dust Courier Parties interested
in being added to the distribution list of this publication should contact M.E. Zolensky.

LDEF-Related Images On CD-ROM

Presently, members ofie M&D SIG at JSC aractively involved inthe curation and distribution of
various photographiemagesrelated to the deployment, retrieval and post-retrieval documentation of
LDEF. Already inprogress at JSC is the transfer of the ~4,500 sierages of various LDEF impact
features that were taken during thaial deintegration and examination of LDEF tae KennedySpace
Center, asvell as all ofthe subsequeminages acquired aSC. All of theseimages have bearonverted
into a TIFFfile format and aréeingtransferred on to CD-ROM. The diske readable on both PC and
MAC systemsi(e., the data was written tdisk in standardSO 9660 format). A set of CD=onsists of
~12individual disk, the last ofvhich also contains aomplete copy of the M&D database as of tinge of
this writing. Copies of these Cse available on @emporary loarbasis fromthe LDEF Curatori(e.,
M.E. Zolensky) at JSC.

The LDEF Scienc®ffice located atLangleyResearch Center, Hamptovirginia is considering CD-
ROM storage of the on-orbit LDEBurvey and general-view type pictures, veall asthe post-flight



deintegration and experiment tray stand pictures, for the purpose of long-term archiving and general acces:
The exact format imvhich these latefiles will be written to CD hashot been determinedHowever, once
completed thesenages Wl be available viacomputer link or on a temporary lodmasisfor interested
workers. Finally, along this same linethe M&D SIG presently plans to archival LDEF M&D data it

can acquire on CDs. Howevehjs will only occur if thevarious LDEF investigators provide the M&D

SIG with their data.

M&D SIG Report

The M&D SIG is in the process of putting togethereportsummarizing alM&D LDEF results and
what theymean tothe survivability of both manned and unmannegpacecraft in LEO.This report will
include recommendations for further M&D-type activities and investigations on future spacecraft, as well as
a long-termoutlook as toways in whichthe population of LEO particles can be monitoredyal as
possible mitigation of it's orbital-debris components.

Future Activities

Although FY 94 vill conclude thenitial LDEF activities, it Wil not mean an end to M&D-type studies
and investigations. Athe recently held B LDEF Post-RetrievaSymposium in Williamsburg, Virginia,
NASA Headquarters andhe LDEF Science Officepresentedplans for the formation of a Space
Environments & Effect§SEE) program.This program would encompass the various LDEF SIGsyedis
as private industry and academia, and would be a customer-oriented program, focissngorelated to
designing, placing and safely maintaining both manned and unmanned payloads into Earth orbit.
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